We have analyzed 200 Rossi X-ray Timing Explorer observations of the black hole candidate GX 339-4, all from the bright hard state periods between 1996 and 2005. Purpose of our study is to investigate the radiation mechanisms in the hard state of GX 339-4. The broadband 3-200 keV spectra were successfully modeled by a simple analytic model, power-law with an exponential cut-off modified with a smeared edge. The obtained energy cut-off (E cut ) was distributed over 50-200 keV, and the photon index over 1.4-1.7. We found a clear anti-correlation (E cut ∝ L −0.70±0.06 ) between the X-ray luminosity (L) in 2-200 keV and E cut , when L is larger than 7 × 10 37 erg s −1 (assuming a distance of 8 kpc), while E cut is roughly constant at around 200 keV when L is smaller than 7 × 10 37 erg s −1 . This anti-correlation remained unchanged by adopting a more physical thermal Comptonization model, which resulted in the anti-correlation that can be expressed as kT e ∝ L −0.24±0.06 . These anti-correlations can be quantitatively explained by a picture in which the energy-flow rate from protons to electrons balances with the inverse Compton cooling.
Introduction
Black hole X-ray binaries show large varieties in their X-ray properties. Several spectral and variability states have been recognized in the past, with varying names and varying definitions (see e.g. McClintock & Remillard 2006 and it is believed that they correspond to different accretion geometries. In this paper we focus on the spectral properties of the so-called hard state, which is the state observed at low X-ray luminosities (i.e. below a few percent of the Eddington luminosity, L Edd ), although it can also be seen during the rising phase of transient outbursts below ∼0.2L Edd . The accretion geometry in some of the X-ray states is relatively well understood -e.g. the soft state is thought to be governed by an optically thick and geometrically thin accretion disk -this is not the case for the hard state. X-ray spectra in the hard state are well represented by a power-law with a photon index of 1.4∼1.7 (Tanaka & Shibazaki 1996) and, in some sources, a high energy cut-off at ∼100 keV (Grove et al. 1998 ). Several models have been proposed to explain the hard state spectra. Broadband X-ray energy spectra of a large number of black hole binaries in the hard state have been successfully modeled by thermal Comptonization model (Dove et al. 1997 , Pountanen & Svensson 1996 , although location and geometry of the Comptonizing medium is still debated. Other models include advection dominated accretion flows (ADAF) (Esin et al. 1997 ), synchrotron and/or synchrotron self-Compton radiation from the base of a jet (Markoff, Nowak, & Wilms 2005) , and external Compton scattering in the jets (Georganopoulos, Aharonian, and Kirk 2002) .
GX 339-4 was discovered with the X-ray satellite OSO-7 in 1971 (Markert et al. 1973) . Since it was similar to Cygnus X-1 in terms of X-ray spectral and variability properties, it was considered a black hole candidate (BHC, Samimi et al. 1979) . A recent measurement of the mass function (5.8±0.5 M ⊙ , Hynes et al. 2004 ) strengthens this. We thus assume a mass of 5.8 M ⊙ for this black hole candidate as a secure lower limit. GX 339-4 is one of the best-studied BHCs in X-rays and gamma-rays; it was observed with Ginga/LAC (Ueda, Ebisawa, and Done 1994) , CGRO/OSSE (Grabelsky et al. 1995 , Smith et al. 1999 , ASCA (Wilms et al. 1998) , RXTE (Smith et al. 1999 , Beppo-SAX (Corongiu et al. 2003) and INTEGRAL (Belloni et al. 2006 , Joinet et al. 2006 . GX 339-4 has shown various spectral states during its pre-RXTE outbursts (Tanaka & Shibazaki 1996) , but often stayed in the low-luminosity hard state (low/hard state). All the spectra in the low/hard state can be roughly described by a Comptonization model, requiring the addition of a reflection component, soft excess and iron-K lines. Detailed broadband analysis in the 2-1000 keV range was made using Ginga, RXTE and OSSE data from 1991 and 1996 observations by Zdziarski et al. (1998) and Wardziński et al. (2002) . Wardziński et al (2002) concluded that the four hard state spectra have very similar intrinsic photon indices of ∼ = 1.75. Furthermore, they found that the energy cut-off possibly decreases with increasing the luminosity. Zdziarski et al. (2004) studied the long-term behavior by compiling GINGA/ASM, CGRO/BATSE and RXTE/ASM data (spanning 16 years) and also found that the electron temperature depends on the luminosity by showing a positive correlation between the BATSE flux and the photon index in the 70-160 keV range which reflects the breaking energy.
GX 339-4 has also been extensively studied at other wavelengths. The optical counter part was first identified by Doxsey et al. (1979) as a V∼18 blue star. However, even during the X-ray off state, optical spectroscopic observations with the VLT revealed no spectral features from the companion star (Shahbaz et al. 2001) . Hence, the type and distance of the secondary star are still unknown. There are two papers which give a lower limit on the distance: Maccarone (2003) , 7.6 kpc, and Hynes et al. (2004) , 5.6 kpc. A careful study of the distance is presented by Zdziarski et al. (2004) who argue for a most likely distance of 8 kpc. We assume a distance of 8 kpc in this paper. Multi-wavelength observations have shown that the radio emission of GX 339-4 correlates very tightly with the X-ray fluxes over more than two orders of magnitude, suggesting that the jet plasma may also play a role in high energy band (Corbel et al . 2000 . Corbel et al. (2003) showed that a significant fraction of the X-ray flux observed in the low/hard state of black hole candidates may be due to optically thin synchrotron emission from the compact jet. Also jet emission have been found in the near-infrared (Corbel & Fender 2002) and discovered a tight relation between near-infrared and X-ray fluxes in the hard state of GX 339-4, similar to that of the X-ray/radio correlation.
Many authors have only studied a small number of observations during individual outbursts of GX 339-4. In order to improve our understanding of the radiation mechanisms in the hard state of GX 339-4, we have performed a systematic study of detailed correlations among spectral parameters, using the large archive of public RXTE data for GX 339-4. In Section 2 we describe our data analysis, and in Section 3 we present our results, focusing on the correlations between spectral parameters such as luminosity and high energy cut-off or electron temperature. Finally in Section 4, we will discuss the origin of the observed correlations.
Observation and Data Reduction
GX 339-4 has been observed for over 10 years with the Rossi X-ray Timing Explorer (RXTE, Bradt et al. 1993) . RXTE carries three scientific instruments: the Proportional Counter Array (PCA: Jahoda et al. 1996) , the High Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 1998) , and the All-Sky Monitor (ASM: Levine et al. 1996) . Figure 1 shows the 1.5-12 keV RXTE/ASM light curves of GX 339-4 from three active periods in the last 10 years: in 1996-1999, 2002-2003, and 2004-2005 (data from the 2007 outburst were not analyzed). Following McClintock & Remillard (2006) , we also plot the ASM hardness of HR2 (defined as the ratio of ASM counts in 5-12 keV to counts in 3-5 keV), where values of ∼1.5 are typical in the hard state.
Selection of the RXTE/PCA observations for our analysis was based on the location of these observations in a hardness-intensity diagram, as shown in Figure 2 . This diagram was created from the background subtracted Standard 2 mode PCA data (see below), where count rates are taken from the 3.5-20 keV band and the hardness defined as the ratio of count rates in the 10-20 keV and 3.5-5.5 keV bands. All count rates were normalized to those of the Crab, to account for possible changes in the detector response. Hard states correspond to the slightly curved vertical branches in the right part of the diagram. For selecting hard state observations for our analysis we used two criteria: hardness >1.4 (to select hard states) and count rate > 15 mCrab (to get enough counts per spectrum). Thus, we obtained 200 RXTE observations. The periods during which these observations were made are indicated by the horizontal arrows in Figure 1 . A list of all the selected observation IDs is given in Tables 2-5. For the spectral data reduction we used the HEADAS 6.0.2 software package provided by NASA/GSFC. Additional selection criteria for both PCA and HEXTE are as follows: 1) elevation angle from the Earth was larger than 10 degree, and 2) the offset angle was smaller than 0.02 degree. PCA spectra were only extracted from Proportional Counter Unit 2 (PCU2), since it was the only PCU that was active in all the selected observations. We used Standard 2 mode data, which has a time resolution of 16 sec and 129 energy channels covering the full PCA (∼2-60 keV) energy range. The spectra were deadtime corrected (a few %), and the background, estimated by the background model for bright sources, was subtracted. As for HEXTE, we used the archive mode data with a time resolution of 16 sec taken from both cluster A and B, and subtracted the background taken from the rocking motion. Deadtime correction for extracted spectra was made using hxtdead.
We added 2% systematic errors to each PCA spectral bin so as to obtain χ ν 2 ∼ 1 for the spectrum of the Crab. The PCA energy range was limited to 3-20 keV and the HEXTE energy range to 18-200 keV. Our PCA and HEXTE response files gave consistent values of the photon index of the Crab spectrum for the PCA (2.08±0.02) and HEXTE (2.10±0.02), indicating that the PCA and HEXTE could be fitted simultaneously. We did so by allowing the normalization of the HEXTE spectrum relative to that of the PCA spectrum to vary. We found that the normalization factor varied between 0.90-0.95.
Two simple spectral models were applied to all the data in carrying out the systematic spectral analysis of the continuum. One is a simple analytic model, a power-law with an exponential cut-off (cut-off power-law in XSPEC, hereafter CPL), and the other is a thermal Comptonization model with a spherical geometry, introduced by Sunyaev & Titarchuk (1980) (compst in XSPEC, hereafter COMPST) . In addition to their normalization parameters, both models are described by two other parameters: photon index (α) and energy of spectrum cutoff (E cut ) in the former model, and electron temperature (kT e ) and Thomson optical depth (τ ) of a high temperature plasma in the latter. These continuum models were further modified by galactic absorption (wabs in XSPEC) and a smeared edge . The hydrogen column density in the wabs model was fixed to 5 × 10 21 cm −2 (Ilovaisky et al. 1986 ). Edge energy and width in the smeared edge model were fixed at 7.11 keV (corresponding to the neutral iron-K edge) and 10 keV, respectively.
Absorption-corrected X-ray luminosities (L) were calculated in the 2-200 keV range and were based on the PCA fit parameters. We assumed the distance of GX 339-4 to be 8 kpc (Zdziarski et al. 2004 
Analysis and Results
To show the presence of the high energy cut-off in GX 339-4 in a model independent manner, we calculated the PHA ratio of GX 339-4 to the Crab Nebula for several observations. A Crab spectrum from 2002 April 28 was extracted in the same way as described in the previous Section. This spectrum could be fit in the 3-200 keV range by a simple featureless power-law model with a photon index of 2.10±0.01. GX 339-4 spectra were taken from observations on April 3rd 2002 (MJD 52367), April 10th 2002 (MJD 52374), and April 26th 2002 (MJD 52390). Figure 3 shows the ratio of the three GX 339-4 spectra to the Crab spectrum. As can be seen from this figure, there is a clear cut-off at high energies that changed from ∼30 keV to ∼70 keV with decreasing flux, while the spectral slope, i.e. photon index, does not seem to vary significantly.
Next, we performed a systematic study of the spectra with the two models described in Section 2. In the CPL model fitting, we set the maximum value at 500 keV for the energy cut-off E cut . The average and standard deviations of the reduced chi-squares (χ ν 2 ± σ χ 2 , for 74 degrees of freedom) were 1.0±0.2 and 1.0±0.3 for the CPL and COMPST models, respectively. Figure 4 shows example fits to broadband spectra of selected five observations. Both models could fit the 3-200 keV spectra for each observation reasonably well. The effects of a possible soft excess and the iron-line features at 6.4 keV were negligible and χ ν 2 did not improve significantly when we added a disk blackbody or a Gaussian component to our fit model. However, in cases when kT e was smaller than 20 keV, we found that it was difficult to fit the spectrum with the COMPST model, resulting in χ ν 2 values that exceeded 2 (as we show later, reflection models were required in those cases). Fit parameters in 5 representative observations are given in Table 1 , and all the fit parameters are given in Tables 2-5 .
The top panels of Figures 5 and 6 show the relation between some of the spectral parameters obtained with the CPL model. The different plot symbols correspond to intervals a-h as defined in Section 2 and as shown in Figure 1 . The high energy cut-off (E cut ) ranged from 40 keV to 200 keV or more. Although we could not constrain the cut-off well at the high energy end, the highest values we measured are still well below the upper bound of 500 keV. As one can see from Figure 6 , we found a clear anti-correlation between L and E cut when L > 7 × 10 37 erg s −1 . This relation follows the approximate relation E cut ∝ L −0.70±0.06 . On the other hand, E cut seemed to be roughly constant at 200 keV when L < 7 × 10 37 erg s −1 . To confirm whether this energy cut-off was really required in the HEXTE data of E∼200 keV, we also compared with the simple power-law fit results. The F values (=(∆χ 2 /∆ν)/(χ 2 /ν 2 )) are 23.8, 67.4, and 183 for (∆ν,ν 2 ) of the upper three observations shown in Table 1 , which indicates that high energy cutoff is required at a confidence level of > 99.9 %. The periods when the X-ray luminosity was larger than 7×10 37 erg s −1 correspond to the initial rising phase of the outbursts in 2002 (epoch d). Unlike the high energy cut-off, the photon index was not dependent on the X-ray luminosity. It was distributed over 1.4-1.7, which is a typical value for black hole candidates in the hard state. In the rising phase of the outbursts (epoch d and f -g), the photon index becomes steeper with time (1.4 to 1.6), while other epochs show no significant variations around 1.6-1.7). In the bottom panels of Figures 5 and 6, we further show the correlations between some of the parameters obtained from fits with the COMPST model. The electron temperature kT e and Thomson optical depth τ were between ∼20-30 keV and ∼4-5, respectively. We found a clear anti-correlation between kT e and L, kT e ∝ L −0.24±0.06 , when L > 7 × 10 37 erg s −1 , the same luminosity as was found with the CPL model. The electron temperature was more or less constant around 26 keV when L < 7 × 10 37 erg s −1 . No clear luminosity dependence was found for τ . So far we have fitted the spectra with relatively simple models. In other works Compton reflection components have often been taken into account as well. Therefore, we also checked for a number of our observations how the fit parameters were affected by using a model for reflection from a cold disk (reflect in XSPEC, Magdziarz & Zdziarski 1995) plus iron-K emission line with a narrow line width of 50 eV, instead of smeared edge models. The high energy cut-off (E cut ) and photon index (α) became systematically higher and steeper, respectively, compared to their original fit values (see Table 1 and top panel of Figure 7 ). For example, we derived 1.72±0.05 (original value: 1.44±0.03) and 212
+61
−40 (79.9
+7.8 −6.7 ) as the new values of photon index and E cut , respectively for observation ID 70110-01-02-00. We could not constrain E cut in the low luminosity region (L < 7 × 10 37 ) erg s −1 because the reflection component strongly couples with a high energy cutoff. The same procedure was also applied to the COMPST model fitting. The reflection fits gave better results than COMPST with a smeared edge model in some observations, when kT e was lower than 20 keV, although the electron temperature became slightly higher. Figure 7 shows the luminosity and cutoff/electron temperature relation in the epoch d and g, which showed a clear anti-correlation in the non-reflection fits. The anti-correlation was still found E cut ∝ L −1.98
or kT e ∝ L −0.18±0.05 . These correlations have different slopes from other two models, but change still seems to occur around the same luminosity, even when we applied the reflection component, implying that the change in behavior above L = 7 × 10 37 erg s −1 is model independent. The corresponding electron temperature distribution in the non-reflection fits is in a narrower range, 16-40 keV. These values should be taken with some care because COMPST model gives a smaller electron temperature than other Comptonization models, such as the COMPPS model (Poutanen & Svensson 1996) . We have used the COMPST model, the simplest and computationally fastest of the various Comptonization models, but we also tried to apply the COMPPS model with a spherical geometry (more complex and accurate) to part of our data sets for the five observations covering almost all of the luminosity range from 1.0×10 37 to 2.1×10 37 erg s −1 . Table 1 shows the best-fit parameters for them. The range in electron temperature that we found was ∼40-120 keV, which is consistent with the 50-100 keV range found by Zdziarski et al. (2004) . In addition, the electron temperature in the bright hard state (L >7× 10 37 erg s −1 ) is significantly lower than that in the low hard state. 
Discussion

Summary of Results and Comparison with Previous Results
We have analyzed a large number of RXTE spectra of the black hole candidate GX 339-4 when it was in a bright hard state, and have found a clear luminosity dependence of the high energy cut-off in the X-ray spectrum. The 2-200 keV X-ray luminosities ranged from 1.0 × 10 37 to 2.1 × 10 38 erg s −1 , covering a factor of 20. This corresponds to 1.3-29% of Eddington luminosity for a 5.8 solar mass object (assuming a distance of 8 kpc). This is the first systematic and quantitive spectral study over a wide-luminosity range in the hard state of GX 339-4. We further notice that the anti-correlation between X-ray luminosity and energy cut-off was only found above a luminosity of 7×10 37 erg s −1 . In GX 339-4, such luminosities were seen mainly during the rising phase of the 2002/2003, when the source was in a bright hard state. This state was difficult to observe prior to RXTE, because typical black hole transients pass through this state within a few weeks of the start of an outburst. RXTE's fast response and flexible scheduling were critical in observing this state in an increasing number of transient BHCs.
A high energy cut-off around 100 keV has been observed in the energy spectra of many BHCs in their hard state (Grove et al. 1998 ), although it is not observed in the hard state of every source as recent INTEGRAL observations of GRO J1655-40 show (Caballero-Garcia et al. 2007 ). For GX 339-4 we reconfirmed that it had a high energy cut-off in almost all of its hard state observations. It is difficult to make comparisons with previous results ), because the authors used different models, but we clearly found a varying energy cut-off in GX 339-4, with values between 40 keV and 200 keV or more. High energy cut-off energies above 200 keV are beyond the HEXTE bandpass, so the highest cut-off energies that we found may have some intrinsic uncertainties since a part of them were not constrained. Other high sensitive observations with INTEGRAL or Suzaku are needed to confirm cut-off energies above 200 keV in GX 339-4.
Anti-correlation between Luminosity and Temperature
We found that the high energy cut-off or electron temperature strongly depended on the X-ray luminosity when the luminosity was higher than 7×10 37 erg s −1 , i.e. 0.1 L Edd . A possible anti-correlation in GX 339-4 was already suggested by Wardziński et al. (2002) and Zdziarski et al. (2004) . A simple interpretation of the observed anti-correlation, i.e. that the hot electrons are efficiently cooled by soft photons via inverse-Compton scattering, is discussed in more detail in the Section 4.4. Similar anticorrelations have already been suggested in GS 2023+238 (Inoue 1994) , GRO J0422+32 (Kurfess 1996) and 10 other BHCs including XTE J1550-564, GS 1354-645, and GX 339-4 (Yamaoka et al. 2005) . Hence, this anti-correlation might be not intrinsic to GX 339-4 but universal among BHCs. When the GX 339-4 luminosity was lower than 7×10 37 erg s −1 , the source seemed to show different behavior; the high energy cut-off and electron temperature might have a very weak dependence on the luminosity, remaining a nearly constant at 200 keV and 26 keV, respectively. The reason why the high energy cutoff reaches constant value is beyond the scope of this paper, but some other cooling mechanisms such as bremsstrahlungs and synchrotron emissions may have to be taken into account. The hard state of Cygnus X-1, which has a luminosity of 0.01-0.03 L Edd , belongs to the latter constant-cutoff regime. This may be the reason why this source has almost the same cut-off in the hard state at any time (Gierlinski et al. 1997 ).
Cooling Time Scale due to Inverse Compton Scattering
Based on the spectral fit results, the thermal Comptonization model gives a reasonably acceptable fit. In the following, we show whether the Inverse Compton scattering can be really effective emission process using derived physical parameter. We consider a spherical hot plasma (like an ADAF for example) with a radius of R (∼ 10R s = 171( M 5.8M⊙ ) km; R s : Schwarzchild Radius) around a black hole. In this situation, protons will be heated up by the gravitational energy release of the accretion flow through a mechanism such as viscous heating. The protons in the plasma lose their energy due to Coulomb collisions with electrons, while the heated electrons cool due to the Inverse Compton scattering.
We define two time scales: t pe (∝ ; n is number density of the plasma, kT p is proton temperature and m p is the proton mass.) as the time to establish a Maxwellian velocity distributions for protons interacting with electron field particles (for see details Spitzer 1962) U rad n σ T where c is the light speed, U rad is the photon flux density, which is given by U rad ∼ = Lτ πR 2 , and σ T is the cross section for Thomson scattering. These two time scales are given by
and
respectively. On the other hand, t vis (∼ R 2 αH 2 Ω ), the viscous time scale in the ADAF, that is, the time scale in which electrons fall to the central black hole, is t vis ∼ 2.6 × 10
where 2H is the thickness of disk, Ω is the angular veloc-
, and where we assumed R H ∼ 1 and α ∼ 1 (α is viscous parameter) for the hard state. Clearly, for reasonable parameters, t pe and t comp are much smaller than t vis , which means that inverse Compton scattering is an efficient cooling process in this situation.
Qualitative Explanation for Anti-correlation between Luminosity and Electron Temperature
Next, we try to explain the anti-correlation between L and kT e quantitavely in the following simple discussion. The proton temperature (kT p ) is assumed to be approximately constant at ∼
GMmp R
, that is, the energy loss rate of protons is much smaller than viscous heating rate through the accretion. These protons will give their energy to electrons through collisions and the energy loss rate per unit volume is given as 
In a steady state, the heating rate from proton to electron should balance with the cooling rate due to inverse Compton scattering, i.e. 
Using these equation (4) and (5), we can work out the anticorrelation of kT e ∝ L − 2 5 quantitatively. This is attributed to the fact that the radiation mechanism in the hard state is due to inverse Compton scattering. Zdziarski (1998) suggested that the high energy cutoff depends on the luminosity from a theoretical point of view of thermal Comptonization by a more precise model. The relations kT e ∝ L −2/7 and kT e ∝ L −1/6 were derived for the advection dominated and cooling dominated cases, respectively. In comparison with this prediction, our result, kT e ∝ L −0.24±0.06 , is close to these values. Furthermore, the maximum luminosity in the low/hard state is predicted as L max ∼ 0.15y In recent years the X-ray spectra of the hard state have also been discussed in the framework of jet outflows. In the most recent version of this model (Markoff, Nowak, & Wilms 2005 ) the hard X-ray spectra are dominated by synchrotron (at the low end) and synchrotron selfCompton (SSC) emission (at the high end) from the magnetized plasma at the base of a jet, which shares many properties with other proposed types of Comptonizing coronae. In the simplest jet SSC interpretation, the observed decrease of the energy cut-off with luminosity means that either the size of the base of the jet is increasing or that the electron temperature is decreasing as the luminosity goes up. Changes are also expected in the synchrotron cut-off, which should decrease with luminosity, because of a higher cooling rate. There is likely an interplay between the synchrotron and the SSC components that needs to be worked out in more detail before the jet model can be applied to our data.
Difference between bright hard state and common low/hard state
Differences between the bright hard state (i.e. ∼0.2 L Edd ) and the more common low/hard state have not been widely discussed in the literature. From an observational point of view, we found that the spectral properties in the bright hard state were not very different from the typical low/hard state except for one point: the high energy cutoff in the bright hard state is considerable lower (E cut ≈50 keV) than in the low hard state (E cut ≈200 keV). The timing properties are also suggested to be almost the same, with a moderate increase of the frequencies with luminosity . A clear correlation between the radio and X-ray flux has been established in the hard state of GX 339-4 , but this relation has only been measured up to a luminosity of ∼ 6 × 10 37 erg s −1 , i.e. just up to the luminosity above which we see a decrease in the energy cut-off.
The low/hard state has been considered to correspond to an accretion-disk solution of the optically thin ADAF (Esin et al. 1997) . Observed luminosity (∼ 0.2L Edd ) in the bright hard state can only be explained by this solution (0.4α 2 L Edd ) if we assume a large viscosity parameter α ∼ 1. It is difficult to estimate an actual value of α, but recent three-dimensional MHD simulations suggest that α takes a value of reasonably 10 −2 to 10 −1 (Hawley & Krolik 2001) . Furthermore, considering the presence of hysteresis in the state transition, i.e. the fact that the bright hard state is only in the rise phase of the outburst, the bright hard state may suggest a presence of another solution like luminous hot accretion flow (LHAF: Yuan 2001) rather than an ADAF. Further investigations including the radio/X-ray correlations are needed for the bright hard state through multi-wavelength observations.
Constancy of the Photon Index Variations
Another important result of our systematic study is that the slope of photon index remains almost constant at 1.4-1.7 regardless of the source intensity. This value is typical for the hard state of black hole candidates. From the point of view of thermal Comptonization, the photon index is correlated with Compton y parameter (= kTe mec 2 max(τ,τ 2 ); Sunyaev & Titartuck 1980) . Thus, the obtained y parameter distribution is remarkably close to unity for more than an order of magnitude as seen in Figure 8 . This is consistent with power-law shape of the spectrum in the hard state. In the thermal Comptonization model, the y parameter should always be close to be unity when there is a large number of soft photons (Shapiro, Lightman, and Eardly 1976) . The constancy of the y parameter means that the ratio of Comptonization luminosity to that in the seed soft photons is constant, indicating a constant geometry of the corona. 
Summary
We have analyzed 200 RXTE observations of the black hole candidate GX 339-4 in the hard state during its outbursts in 1996-2005. The observed luminosities ranged was from 1.0×10 37 erg s −1 to 2.1×10 38 erg s −1 , assuming a source distance at 8 kpc. All the broadband spectra are well-explained by both cut-off power law (CPL) model and thermal Comptonization (COMPST) model with a spherical geometry. The photon index (in the cut-off power-law model) ranged from 1.4-1.7 regardless of the luminosity. The Compton y parameter remained also close to unity regardless of the intensity variations, which is consistent with its power-law like spectral shape. The high energy cut-off in the CPL model ranges from 40 to 280 keV or more, and electron temperature in the COMPST model from 16 to 40 keV. Both parameters depend on the luminosity. We found a clear anti-correlation of E cut ∝ L −0.70±0.06 between L and E cut or kT e ∝ L −0.24±0.06 between L and kT e when the L is 7×10 37 erg s −1 . This former anti-correlation is quantitatively explained by the scenario that the heating rate from protons to electrons balances with cooling rate of inverse Compton scattering. The cooling time scale of inverse Compton scattering obtained by spectral parameter is much smaller than viscous time scale, suggesting that the inverse Compton scattering is dominant in the radiation mechanisms. Further detailed studies of a high energy cut-off using INTEGRAL and Suzaku mission or future high energy missions will be valuable and interesting. 
